Structural, optical and electrical properties of bare and N monodoped ZnO thin¯lms were investigated. The samples were prepared on glass substrates by spray pyrolysis technique. N doping resulted in p type electrical conductivity as evident from the Hall measurement results. XRD analysis con¯rmed the structural purity of all the¯lms and compositional analysis by energy dispersive X-ray spectroscopy veri¯ed the inclusion of N in doped¯lms in addition to Zn and O. Doping resulted in deterioration in crystallinity. Optical transmittance got diminished with doping due to the degradation in crystallinity as well as due to the presence of deep N related defects as evident from the photoluminescence spectra. Optical energy gap red-shifted with doping percentage due to the introduction of impurity levels near the valence band edge within the forbidden gap with acceptor doping.
Introduction
Zinc oxide (ZnO) is a semiconducting material exhibiting optical transparency and electrical conductivity simultaneously and hence belongs to a special class of materials called transparent conducting oxides (TCOs). ZnO is a low cost, less toxic and easily available biocompatible material with good thermal and chemical stability. The large and direct electronic bandgap of energy 3.37 eV and exciton binding energy of 60 meV at room temperature made it a prospective material in the¯eld of transparent electronics. Due to large optical energy gap, it can be used as a sensor for UV radiation, 1 while the large exciton binding energy leads to laser generation at room temperature. 2 Moreover, ZnO is very useful in various applications such as light emitting diodes, 3 surface acoustic wave devices, 4 solar cells, 5 gas sensors, 6 optical waveguides, 7 etc. So many deposition strategies for the preparation of high quality ZnO thin¯lms such as atomic layer deposition (ALD), 8 chemical vapor deposition (CVD), 9 pulsed laser deposition (PLD), 10 spray pyrolysis, 11 sputtering, 12 sol-gel technique 13, 14 etc. have been reported in the literature.
Due to the intrinsic n-type nature, it is not easy to achieve both types conductivity in ZnO and its n-type conductivity can be modi¯ed by adding donor impurities like B, Al, Ga, In, etc. However, it is harder to develop p-type ZnO due to the presence of many hole killing e®ects such as self-compensating e®ect, deep acceptor levels and low solubility of acceptor dopants, etc. 15 Acceptor doping of ZnO can be achieved by using group V elements N, P, As, etc. According to many authors, As and P do not signi¯cantly contribute to p-type electrical conduction as they form deep acceptors and N is the best suited candidate for producing shallow acceptor levels in ZnO. 16, 17 But in contrary to their arguments, many others reported that N forms deep acceptor levels in ZnO. 18, 19 Inspite of these, large e®orts have been made by researchers in accomplishing p type ZnO thin¯lms via N doping. [20] [21] [22] [23] Here, we tried to prepare p-type ZnO thin lms doped with N by spray pyrolysis technique due to its nearest neighbor distance of 1.88 A that is very much comparable with the Zn-O bond length of 1.93 A. 17 ZnO is a non-stoichiometric compound and this non-stoichiometry is the reason for the n-type electrical conductivity. In order to have highly conducting ZnO thin¯lm, there should be excess of Zn interstitials or oxygen vacancies. Deposition of thin¯lms by spray pyrolysis involves three stepsatomization of the precursor solution, transportation of the resultant aerosol and decomposition of the precursor on the substrate. 24 Atomization is done with compressed air. Decomposition of the precursor solution can be viewed as a series of processes that occur simultaneously at the hot substrate surface. When the droplet strikes the surface of the substrate, residual solvent gets evaporated and spread over the substrate and¯nally salt decomposes to the desired product. All these are happening in the atmosphere and hence the chance of formation of oxygen de¯cient dangling bonds is less. After deposition, the¯lms have to be cooled because the deposition temperature is about 400 C. So it takes about an hour to cool down to room temperature and during this time the deposited¯lm is in open atmosphere with the adsorbed surface facing the air. Therefore, there will be a de¯nite chance of oxygen di®usion from air into thē lm at this high temperature. Thus, it is a sustainable method in preparing p type ZnO thin¯lms because of low density of oxygen vacancies during the¯lm deposition.
Materials and Methods
N-doped ZnO thin¯lms with di®erent N concentrations were deposited on ultrasonically cleaned glass substrates maintained at a temperature of about 400 AE 10 C by spray pyrolysis (Holmarc HO-TH-04) method. Details of deposition system and conditions were reported elsewhere. 16 O] to accomplish doping. N:Zn ratio in the stock solution was varied from 0 to 3. These samples were named as N0, N1, N2 and N3 respectively. Structural properties were investigated with Rigaku Mini°ex 600 X-ray Di®ractometer operating at a voltage of 40 kV using Cu-K ( ¼ 1:5406 A) radiation while the morphological and compositional analyses were done with JEOL Model JSM -6390 scanning electron microscope attached with JEOL Model JED -2300 operated at 40 keV. Optical transmittance spectra were obtained on a JASCO V-650 double beam spectrophotometer and the optical energygap was derived from this data. Luminescence properties were investigated with Perkin Elmer Fluorescence Spectrometer (LS 55) using an excitation source of wavelength 325 nm and electrical characterization was done with Ecopia Hall E®ect Measurement System (HMS-3000 VER 3.52). Film thickness was determined using Schimadzu AY 220 model electronic balance.
Results and Discussions

Structural studies
X-ray di®raction (XRD) analysis provides structural mapping of materials. XRD patterns of the N-doped ZnO thin¯lms with varying N doping concentration were presented in Fig. 1 . The samples showed no deviation from the hexagonal wurtzite geometry assumed by ZnO thin¯lms (JCPDS 36-1451). Also thē lms showed no de¯nite peaks corresponding to the impurity phases. Thus, all the¯lms are monophasic and also polycrystalline. The undoped ZnO thin¯lm showed a preferential orientation along (100) plane along with an equally intense re°ection from the (101) plane and a lower intense peak corresponding to (110) re°ection. With the introduction of N, (002) di®raction peak newly appeared in the XRD pro¯le, but (101) peak intensity got reduced. The appearance of new peaks and decrease in re°ection intensity with doping can be elucidated in terms of the surface energy density which changes with doping concentration. So the nucleation rates are di®erent along di®erent directions for di®erent doping levels. 25, 26 Thus, it is obvious that the doping percentage controls and modi¯es the grain growth and hence the evolution of microstructure.
An estimation of the average (mean) crystallite size has been done using the well-known formula of Scherrer 27 :
where is the observed angular width at half maximum intensity (FWHM) of each di®raction peak located at a peak position 2, and is the X-ray wavelength (1.5406 A). Dislocation density (Þ which quanti¯es the defects in the¯lm 28 was calculated using the formula given below. Table 1 summarizes the values of these parameters. It was clear that all the¯lms were nano-structured and doping resulted in decrease in mean crystallite size compared to undoped ZnO thin¯lm. This deterioration in crystallinity could be due to the defects and disorders introduced by the dopants in the ZnO structure by segregating into the non-crystalline region at the grain boundaries. 
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Lattice parameters (a and c), unit cell volume (V), internal relaxation parameter (u) and bond length (b l ) were calculated using the following relations 31 
and
The estimated values of lattice parameters (a and c), unit cell volume (V), internal relaxation parameter (u) and the bond length (b l ) were listed in Table 1 . Due to the stress generated either from crystallite de¯ciency, defects, impurities, etc. or from growth parameters, the¯lms were under tensile stress and hence the lattice parameters and unit cell volume increased compared to bulk ZnO (JCPDS Data Card No. 36-1451). The deviation from the ideal value of 0.375 for internal relaxation parameter made obvious that the atoms in the spray pyrolyzed thin¯lms were displaced from their ideal con¯guration. Elongation of bond lengths compared to the ideal value 1.93 A made sure that the lattice was su®ered by strain.
Morphological and compositional analysis
SEM micrographs and energy dispersive X-ray (EDX) spectra of the deposited samples are shown in Figs. 2 and 3 respectively. SEM images con¯rmed the grain growth of ZnO thin¯lms by the method of spray pyrolysis and showed that the grains were well connected and uniformly distributed over the substrate surface. The EDX spectra con¯rmed both the compositional purity of undoped ZnO¯lm and the inclusion of N in doped¯lms. Also these samples are devoid of other impurities as evident from the EDX analysis.
Optical studies
A material quali¯es as a transparent conductor when it possesses better optical characteristics in addition to good electrical performance. Various optical parameters such as absorption coe±cient, energy gap, refractive index, thickness etc. Of thin¯lms can be derived from the optical transmittance spectra. Figure 4 shows the transmittance spectra of N-doped ZnO thin¯lms. In the visible and near infrared region, bare ZnO thin¯lm showed better transmission while it was poor for the doped¯lms and diminuted with increase in N concentration. Also doped¯lms appeared with pale yellow color due to the presence of deep N related states in the forbidden gap as also reported by many other authors. 33 Transmittance spectra showed oscillatory nature in the visible and near infrared region due to the phenomenon of interference. For the doped¯lms, amplitude of the interference fringes was small indicating less smooth surfaces which could lead to scattering of light 34 and consequently lower transmittance. Moreover, crystallinity of the¯lms deteriorated with N doping which might cause increase in scattering of photons as well as the increased absorption losses due to nearband-edge defects might also be considered as the reason for the poor transmission of N-doped¯lms.
All the¯lms showed sharp absorption in the near ultra-violet region corresponding to the fundamental absorption due to inter-band electronic transition. With N doping, the absorption edge shifted to the longer wavelength region implying a red-shift in the optical energy gap value. Also the undoped ZnO¯lm showed a slight free carrier absorption in the near ultra-violet (UV) region and a feeble optical transmission in the region above the bandgap which can be presumably due to the phenomenon of down-shifting. It had reported that ZnO nanoparticles in thin¯lm form exhibits ultra violet light frequency downshifting. 35 Down-shifting is the phenomenon in which the luminescent layer absorbs e±ciently the higher energy photons and re-emit lower energy photons. The¯lm thickness and refractive index at 633 nm were electronically generated using PARAV Software 36 and were presented in Table 2 along with the experimentally determined thickness values.
The absorption coe±cient () varies with the incident photon energy (h) and obeys the Tauc relation 37 :
where B is a constant independent of photon energy and n is a constant equal to 1/2 for direct allowed transitions. ðhÞ 2 versus ðhÞ plots near the band edge is shown in Fig. 5 . Linearity of the plots near the absorption edge showed that the¯lms are of direct band gap and was estimated from the intercepts of the extrapolation of the linear portion of the graph on the energy axis. With N doping the energy gap got narrowed and decreased monotonously with increase in N concentration. This red-shift in bandgap energy could be due to the incorporation of N atoms in the ZnO lattice which cause localization of impurity levels in the forbidden gap near the valence band edge as reported previously. 38, 39 3.4. Photoluminescence studies Figure 6 shows the room temperature photoluminescence (PL) spectra of N-doped ZnO thin¯lms excited with a source of wavelength 325 nm. All the samples showed two emission peaks, a sharp one in the near ultraviolet region namely near band emission (NBE) peak and a broader peak in the green-yellow 
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(460-660 nm) spectral range related with deep level emission (DLE). The inset graphs show the magni¯ed view of the peak in the visible spectral range. The NBE of undoped ZnO can be related to the transition of excitons bound to neutral donors. 40 For the N-doped¯lms, the near band edge level is at 3.16 eV (392 nm) and can be attributed to free electron to acceptor (FA) transitions. This can also be related to donor-acceptor pair (DAP) transitions due to the presence of acceptors as evident from the Hall measurement. 35, 41 The deconvolution of the broad DLE using Gaussian function gives many defect related emissions which are attributed to structural defects such as zinc interstitials or zinc vacancies. 42 The broadness of the DLE band results from the superposition of emissions from many di®erent deep levels at the same time. Di®erent reports suggested di®erent levels as origin of the emission and the broad nature suggests the possibility of a combination many emissions having small energy di®erence. The green emission ($2.17-2.50 eV) can be from intrinsic defects such as zinc interstitials or oxygen vacancies which act as donor defects. 43 Borseth et al. 44 and Zhao et al. 45 reported that more than one defects such as V O and O Zn may also contribute to this green emission. Kalson et al. 46 on theoretical basis concluded that the green luminescence is attributed to O Zn . Yellow emission ($2.10-2.17 eV) can be related to the oxygen interstitials which results in an irradiative recombination of an electron from conduction band with hole at this defect level. 47, 48 Meanwhile the orange emission ($1.96-2.10 eV) is accompanied with Zn i to O i transitions. 49 
Electrical studies
Electrical properties such as carrier type, concentration (n), mobility () and resistivity () of the asdeposited thin¯lms were determined by Hall e®ect measurement and were listed in Table 3 . Bare ZnO thin¯lm exhibited n-type electrical properties due to the presence of intrinsic defects such as Zn antisites or oxygen de¯ciency. N doping switched the conductivity to p-type which was ascribed to the N O acceptors incorporated at O sites. Carrier concentration and mobility decreased with N doping and hence resistivity increased. The presence of hole killing donor defects as well as the lower ionization energy of nitrogen could reduce the number of e®ective carriers in the crystal while degraded crystallinity and scattering by grain boundaries, ionized impurities etc. could lead to decrease in hole mobility. Increase in N:Zn ratio enhanced the carrier concentration but mobility further decreased.
Conclusion
N-doped ZnO thin¯lms were deposited on glass substrates by spray pyrolysis and investigated the in°uence of doping concentration on the various physical properties of ZnO thin¯lms. N doping resulted in p-type material but resistivity is high compared to undoped ZnO. The presence of various hole killing defects and scattering of holes at grain boundaries, ionized impurities etc. caused the increase in resistivity. The EDX spectra analysis con¯rmed the presence of N in the doped samples. With N doping, crystallinity and optical transmittance decreased as well as optical energy gap red-shifted due to the merging of impurity bands with the valence band. Photoluminescence studies revealed the presence of many defect related deep levels in doped¯lms. The acceptor levels in the N-doped¯lms are determined to be at 90 meV above the valence band maximum from the di®erence between the energy gap values and near band edge emission peak values. 
